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Accepted 18 May 2010The 3D cloud model DESCAM-3D with bin resolved microphysics for ice, water and aerosol
particles is used to study the role of particles on the evolution of summertime mid-level
convective clouds and the subsequent precipitation during the COPS ﬁeld campaign which
occurred at mid-latitude near the French/German border in summer 2007.
Using a 3D grid resolution of 250 m, DESCAM-3D, is able to simulate well the dynamical, cloud
and precipitation features of the convective cloud system observed during the afternoon of the
12th August. This mid-level convective system was dominated by warm-phase microphysics.
The simulated convective system led to a 1.5 h long lasting precipitation event in agreement
with the radar observations. The results of the ﬁne numerical scale compare well with the high
resolved radar reﬂectivities of the LaMP X-band radar and the DLR-Poldirad radar. The
prediction of the liquid hydrometeor spectra allows a detailed calculation of the cloud radar
reﬂectivity.
In order to better understand the role of aerosol particles on cloud evolution and precipitation
formation, several sensitivity studies were performed by modifying aerosol number
concentration as well as their physico-chemical properties. Drastic changes in the aerosol
solubility lead to a variation in precipitation on the order of 10% for the same convective case. In
contrast, changes in the aerosol number concentrations can lead to a variation in total
precipitation of up to 30%. Hence, the role of changes in aerosol number concentrations is more
important than changes in particle solubility for this case of continental mid-level convection at
mid-latitude.
A subsequent analysis of the in-cloud microphysics revealed that in-cloud properties are
modiﬁed signiﬁcantly in all scenarios. Key parameter is the supersaturation whose magnitude
inﬂuences both cloud microphysics (cloud droplet and rain drop formation) as well as cloud
thermodynamics and cloud dynamics. Furthermore, supersaturation can remain quite low in
polluted clouds reducing strongly the release of latent heat and, thus, the intensity of the
convective dynamics. As much as a quarter of the polluted cloud volume was found to be
subsaturated in this case whereas it was smaller in the continental or clean environments.
© 2010 Elsevier B.V. All rights reserved.Keywords:
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In the general debate about climate change, the impact of
air pollution on clouds, in particular the aerosol indirect effect
(Twomey, 1974; Albrecht, 1989), is in the centre of numerous
41C. Planche et al. / Atmospheric Research 98 (2010) 40–56studies. Indeed, the cloud feedbacks remain the largest source
of uncertainty in climate sensitivity estimates (Solomon et al.,
2007). Thus, many studies have tried to understand the role
of aerosol particles in the formation and evolution of clouds
(see, e.g., Levin and Cotton, 2009) and the possible con-
sequences of anthropogenic changes in these particle popula-
tions. Here, especially numerical models treating cloud
microphysics in a bin resolved way can provide important
insight, as cloud droplet nucleation is governed by supersat-
uration, a parameter which is not followed explicitly by
common meso-scale models.
In the past, efforts have been made to study the impact of
changing aerosol particle population on the evolution and
precipitation of clouds in 2-D (e.g. Connolly et al., 2006; Yin
et al., 2005; Teller and Levin, 2006) or 3-D (e.g. Yi et al., 2008;
Leroy et al., 2009) meso-scale models. However, due to the
costs of such detailed simulations, the domains considered
were generally small and contained just one isolated cloud.
The above cited studies reported a reduction of precipitation
in a more polluted environment, while other publications
(e.g. Lee et al., 2008) point out that an increase of aerosol
number concentration can also result in an increase of
precipitation, depending on the case studied.
Due to the computational burden of 3D bin microphysics
simulations previous studies have either considered an
isolated cloud only and/or used a simpliﬁed bulk microphys-
ics approach. This paper presents a ﬁrst attempt to simulate in
a 3D bin manner the aerosol/cloud interaction for an entire
cloud ﬁeld as observed during COPS (Convective and
Orographically-induced Precipitation Study; Wulfmeyer
et al., 2008) at mid-latitudes near the French/German border
in summer 2007. After a comparison with observations, the
role of the aerosol number concentration and composition is
studied in detail.
The main model features are summarized in Section 2. A
brief description of the studied mid-latitude mid-level
convective cloud system of COPS and the comparison
between the modelled results and the available observation
data are presented in Section 3. Section 4 shows sensitivity
studies about the role of the aerosol particle spectrum and
solubility. The consequences of the initial aerosol particle
concentration and solubility for the “in-cloud microphysics”
are detailed in Section 5, and Section 6 summarizes and con-
cludes the ﬁndings.
2. Model description
The 3D model with detailed (bin) microphysics used
herein couples the 3D non-hydrostatic model of Clark and
Hall (1991) with the Detailed Scavenging Model DESCAM
(Flossmann and Pruppacher, 1988; Leroy et al., 2007, 2009;
Flossmann and Wobrock, 2010) for the microphysical
package.
The microphysical scheme simulates the number distri-
bution functions for the aerosol particles fAP(mAP) and for
drops fd(m). Both number distributions use a logarithmically
equidistant spaced mass coordinates mAP for wetted aerosol
particles and m for drops both with mass doubling for 2
subsequent bins. gAP,d(m) is the mass density distribution of
aerosol material in cloud and rain drops. All functions are
discretized in 39 bins covering the range from 1 nm to 7 μmfor wet aerosol particles and 1 μm to 12 mm for drops. With
both functions fd(m) and gAP,d(m), the mean mass m̅AP (m) of
the aerosol particle inside a drop bin of mass m can be
calculated using the following relation (the different symbols
are explained in the Appendix A):
P
mAPðmÞ =
gAP;dðmÞ
fdðmÞ
Due to this additional information, the drop growth rate
can be calculated taking into account the aerosol composition.
The following equations summarize the evolution of
distribution functions of wet aerosol particles number,
droplet number and aerosol mass in the drops:
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Term I and V represent the changes due to the dynamics
(transport). The collision and coalescence process of drops is
represented by the term VIII.
Both aerosol particles and droplets can be nucleated to
form ice crystals (terms III and IX). The drop distribution
function is also affected by the riming process (term X). The
growth of drops by vapour diffusion (term VII) is treated
using the formulas for the growth rate from Pruppacher and
Klett (1997). Coalescence and riming are treated with the
numerical scheme of Bott (1998). The collection kernels for
coalescence of drops are calculated with the collection
efﬁciencies of Hall (1980) and the terminal velocities of
Pruppacher and Klett (1997).
Fig. 1. Location of the COPS experiment.
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environmental water vapour following Köhler theory:
lnðS + 1Þ = A
r
− Br
3
N
r3−r3N
with A =
2σw;aMw
ℜTρw
and B = ν εΦsMwρNMsρw .
At each time step, the new aerosol particle equilibrium
size is calculated following the ambient humidity variations,
however imposing that aerosol particle growth does not
exceed the equilibrium value of 100% relative humidity. In
order to calculate the critical radius for activation ract(rN) we
use the procedure described in detail in Leroy et al. (2007).
The value rN3 corresponds to the dry aerosol nucleus mass
which can be calculated from the above Köhler equation as r3
is given by the wet aerosol mass grid mAP. The activation
radius is used as the threshold between non-activated and
activated particles that are going to be transferred into the
droplet reservoir (terms II and VI). The detailed procedure is
described in Leroy et al. (2007).
Also, during the dissipation stage of the cloud, when
cloudy air becomes subsaturated, drops with radius smaller
than ract(
P
rN ) are deactivated and thus transferred into thewet
aerosol particle reservoir. The radius of the resulting wet
aerosol particles is again calculated by solving the Köhler
equationwith the knowledge of the supersaturation S and the
mean dry radius
P
rN given by mA̅P. This microphysical scheme
was already successfully tested against a more sophisticated
microphysical model (Leroy et al., 2007).
The ice phase is represented in a similar way with
two distribution functions fi(mi) and gAP,i(mi). Ice crystals
are assumed to be spherical and the density of ice is set to
0.9 g m−3.
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Ice crystals are produced by homogeneous and heteroge-
neous nucleation (term II) and then grow by vapour
deposition (term III) and riming (term IV). Growth rate of
ice crystals are given by Pruppacher and Klett (1997). Hetero-
geneous nucleation is described according to Meyers et al.
(1992). Their formula gives the number of ice crystals (NIN)
as a function of supersaturation with respect to ice (sv,i).
Homogeneous nucleation follows the parameterization of
Koop et al. (2000).
The riming description includes collection of droplets by
large ice crystals as well as accretion by the collection of small
ice particles by large drops. The collection kernels for riming
are set to be the same as those for coalescence of drops. We
assume that the collection efﬁciency of a spherical ice particleis equal to that of a water drop of the same mass. The
terminal velocities of the ice crystals are calculated following
Heymsﬁeld and Iaquinta (2000).
Ice particles are assumed to melt (term V and term XI for
the drop distribution functions) instantaneously and com-
pletely when they reach the 0 °C level. Consequently, we
neglect aggregation which is most efﬁcient around 0 °C when
the ice particles develop a pseudo-liquid layer (Pruppacher
and Klett, 1997). Furthermore, the model is not yet treating
secondary production of ice particles during riming. Thus, the
representation of the ice phase certainly merits improvement
for the simulation of clouds which develop signiﬁcantly in
supercooled regions.
However, for the studies presented here we will be
interested in a convective cloud system of medium height
where the liquid phase dominates, and impact of the ice
phase is marginal as will be shown also below.
3. Simulation of the convective cloud system of 12th
August 2007
3.1. COPS observations on 12th Aug. 2007
COPS (Convective and Orographically-induced Precipita-
tion formation Study) was an international ﬁeld campaign
taking place at the French/German border (in the Upper
Rhine Valley, the Black Forest and the Vosges Mountains, see
Fig. 1) during summer 2007.
The aim of COPS was to study the orographic inﬂuence on
precipitation and to improve cloud representation in forecast
models (Wulfmeyer et al., 2008).
The LaMP X-band radar was deployed for 3 months within
the Vosges French supersite Bischenberg, at Obernai near
Strasbourg (Fig. 2). It is designed to provide the precipitation
ﬁeld over a typical domain of a small catchment basin (about
20 km range) using a beam elevation of 5°. The major
characteristic of the system is its high spatial and temporal
resolution (60 m in range, 2° in azimuth and 30 s in time)
Fig. 2. Representation of the different model domains. The elliptic surface
indicates the Bruche and Fave valley where the surface heating was enhanced.
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covered by the DLR polarimetric C-band Doppler radar
POLDIRAD (Schroth et al., 1988) deployed 20 km north-Fig. 3. Surface analysis of the meteorological conwest of Strasbourg. During COPS, POLDIRAD followed a
dedicated observation strategy of which we are using the 2°
elevation reﬂectivity scans with a resolution of 300 m and a
range of 120 km repeated every 10 min.
Fig. 3 shows the large scale meteorological conditions
for the study case which was a typical summertime con-
vection in a situation with weak gradients. Indeed, a weak
front associated to a low pressure system over Scotland
approached the COPS area. The wind speed was low at the
surface and was oriented south-westerly. Above 700 hPa the
wind speed increased and turned more southerly. At the
surface the air was hot with cold air above and downwind of
the front some thunderstorms appeared in Western Europe
due to convection which was triggered thermally over the
mountains.
The thermodynamic and dynamic conditions are given by
the sounding of Nancy (France), 12 UTC (see Figs. 1 and 4).
At the beginning of the afternoon, a precipitating cloud
clusterwasobservedwith theX-band and thePOLDIRAD radars
(right columns of the Figs. 6 and 7). It formed over the Vosges
Mountains and stayed almost at the same place for about 1 h.
Observations on the cloud height are not available. The
following modelling results indicate a cloud top height of 4 to
5 km. As the freezing level (Fig. 4) was located at around
3.3 km, the presence of the ice phase in the ﬁrst 4 km is almost
negligible. The simulated icewater content above 4 kmshowed
values below 0.0002 g/m3. The horizontal polarimetric scans ofditions of the 12 August 2007 at 12 h UTC.
Fig. 4. Temperature (solid line) and dew point temperature (dashed line)
proﬁles from the sounding at Nancy, 12 August 2007, 12 UTC.
Fig. 5. Initial aerosol particle spectra for the reference, clean and polluted cases.
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indications of ice in the precipitation ﬁeld. Thus, in the further
discussion of the paper, we will disregard the role of the ice
phase and consequently, the aerosol effects on precipitation
studied hereafter will represent mid-level convective clouds
dominated by warm-phase microphysics.
3.2. Model setup
The model domain is set to 130 km×130 km in the
horizontal and 16 km in the vertical. The resolution is 1 km
for the horizontal coordinates and 200 m for the vertical one.
A second domain with a surface 64×64 km2 and grid
resolution of 250 m is nested into the area of interest. The
model domains are represented in Fig. 2.
Moreover, to initialize convection, sensible and latent
surface heat ﬂuxes with mean values of 30 W/m2 and
100W/m2 respectively were imposed over the entire terrain.
In order to trigger the convection we increased the heat ﬂux in
the Bruche and Fave valley upwind of the observed convective
system as indicated by the elliptic surface in Fig. 2. The ﬂuxes
were increased to 70W/m2 for sensible heat and to 250W/m2
for latent heat. These quantities correspond well to the
maximum values which were typically observed at noon
time during COPS experiment (Eigenmann et al., 2009).
The initial aerosol particles distribution follows Jaenicke
(1988) for a continental air mass, which corresponds to the
solid line in Fig. 5. The total number of aerosol particles in the
boundary layer is 1411 cm−3 and the particles are assumed to
be ammonium sulphate, entirely soluble and with a molec-
ular weight of 132 g mol−1. The aerosol particle concentra-
tion decreased exponentially up to 3 km, above it is kept
constant. Further on (Section 4), this simulated case will be
referred to as “reference case”.
The boundary conditions of the model assume free-slip
conditions for the momentum components and zero normal
second derivatives of all scalar variables at the upper andlower surface of the model. In order to prevent reﬂection of
the vertically propagating gravity waves at the model top, a
Rayleigh friction and Newtonian cooling absorber are
employed in the uppermost region of the model. The lateral
boundary conditions are approximated by an open boundary
extrapolation scheme. Various aspects of the model boundary
conditions and the nesting techniques were discussed in
Clark (1977, 1982) and Clark and Farley (1984). The
dynamical time step for the simulations is 3 s. Condensational
growth needs signiﬁcantly smaller time steps. The procedure
can be found in Leroy (2007).
3.3. Results of the simulation of the COPS case
We now compare the simulation results with the available
observation data. In a ﬁrst step, we concentrate on the radar
observations. Fig. 6 shows the radar reﬂectivity ﬁeld observed
by the X-band radar and the modelling results of DESCAM 3D
at different times that correspond to the beginning of the
precipitation, and to 20 min and to 60 min after precipitation
onset. To facilitate the comparison between model and radar
observation, simulation results are presented for the same
Plan Position Indicator (PPI) as the X-band observations (i.e.
an elevation of 5°). The model results outside the observation
area of the X-band radar are not represented. We also used
the data of the POLDIRAD radar, situated at 30 km to the
north of the X-band position and 20 km to the north-west of
Strasbourg, whose range is signiﬁcantly larger than the one of
the X-band. Fig. 7 compares the radar reﬂectivity ﬁeld
observed by the POLDIRAD radar for 2° elevation with the
model results in the corresponding PPI cross sections.
The cloud system forms in the south-west of the observed
area and moves to the centre while the radar reﬂectivity
intensity decreases. The clouds disappear over the Rhine
valley about 1.5 h after they were formed. The observed
altitudes in the radar plots are different due to different
zenith scanning angles of the two radars. For example, if we
compare the radar observation data at 14 h UTC (see Figs. 6c
Fig. 6. Comparison between the radar reﬂectivity modelled with DESCAM (left) and observed (right) with the LaMP X-band radar at different time steps. The times
a, b and c represent the radar reﬂectivity ﬁeld at the beginning of the precipitation, 20 min and 60 min after precipitation starts, respectively. The representation of
these ﬁgures is the Plan Position Indicator (PPI) Radar Image. The model results outside the observation area are not represented.
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Fig. 7. Comparison between the radar reﬂectivity modelled with DESCAM (left) and observed (right) with the Poldirad radar at different time steps. The times a, b
and c represent the radar reﬂectivity ﬁeld at the beginning of the precipitation, 20 min and 60 min after precipitation starts, respectively. The representation of
these ﬁgures is the Plan Position Indicator (PPI) Radar Image. The continuous circles represent the observation range of the Poldirad radar. The observation range
of the X-band radar is represented by the dashed circles on the simulation images and by a white circle on the observation images.
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Fig. 8. Probability density function of the X-band radar with 300 m radial
resolution (dark thick line) and Poldirad radar observations at 13:21 UTC
(dark thin line) and modelled (grey thick line) with DESCAM 3D, 20 min
after rain onset (a) and mean probability density functions (b) of the
observations for 12 August 2007 between 13 h–14 h UTC and modelled
during the ﬁrst 35 min of precipitation.
47C. Planche et al. / Atmospheric Research 98 (2010) 40–56and 7c), we note that the cloud system is seen at 10–15 km
distance by the X-band radar and at 35–45 km by the Poldirad
radar. Thus, the observations are between 880 and 1300 m
altitude for the X-band radar but between 1200 and 1500 m
for POLDIRAD. This explains the slightly different radar
observations, especially at the beginning (see Figs. 6a and 7a).
Radar reﬂectivity is calculated from the simulation by
taking into account the simulated hydrometeor size distri-
bution. The sixth momentum of the raindrop size distribution
is used to calculate the radar reﬂectivity factor Z for liquid
hydrometeors:
Z mm6m−3
h i
= ∫NðDÞD6dD:
For the ice phase we use the approach of Delanoë et al.
(2005):
Z mm6m−3
h i
=
jKij2
jKwj2
ρw
ρi
 2
∫NðDÞD6dD
The ice and water di-electrical constants are |Ki|2=0.176
and |Kw|2=0.93, respectively. For the comparison with the
radar observations we use herein the normalized radar
reﬂectivity ZdBZ:
ZdBZ = 10log
Z mm6m−3
h i
Z0
2
4
3
5
with Z0=1 mm6 m−3. However, the ice phase contribution is
quite small in the case study of 12 August 2007.
The modelled precipitating cells are close to the observed
location (Figs. 6 and 7) and intensities. For the X-band
observations we note a shift of 5 km in the modelled
reﬂectivity maxima. Also, the track of the modelled cells is
slightly shifted to the north. Simulated radar reﬂectivities
lower than 10 dBZ cover a larger horizontal extension than
the observed ones. This can be due to the model resolution of
250 m which is coarse compared with the 60 m radial radar
resolution of the X-band radar. If we compare the simulation
results with the POLDIRAD observations, we can also ﬁnd a
larger horizontal extension of the modelled low radar
reﬂectivity. Likewise, the model maximum intensities are
slightly weaker than those of POLDIRAD.
For a more objective method to compare the radar
measurements with the model results, we analysed the
probability density function (PDF) of the radar reﬂectivities.
We selected a resolution of 1dBZ for the probability function
and restricted the analyses of modelled and observed values
to the range from 10 to 60 dBZ. The range below 10 dBZ was
excluded due to noisy data of the X-band radar. Fig. 8a shows
the PDF for measurements at 13:22 UTC and model results
20 min after rain onset. We can see that the observations
between the X-band radar and POLDIRAD show slight
differences. For reﬂectivities between 20 and 35 dBZ the X-
band PDF values are higher than POLDIRAD, while in the
range from 40 to 50 dBZ the X-band reﬂectivity PDF values
remain below the ones of POLDIRAD. The model shows a
frequency distribution that is closer to the observations with
POLDIRAD. In Fig. 8b the mean distribution functions for the
time period from 13 to 14 h UTC are compared. As only seven
POLDIRAD scans were available, we restricted the comparisonwith the X-band radar to those scans that were performed at
the identical moments while the X-band resolution was
integrated over 300 m in order to match the POLDIRAD and
model resolution. Thus, the mean PDF functions presented in
Fig. 8b are calculated after averaging the PDF of the radar
reﬂectivity factor Z over seven individual scans. As already
revealed in Fig. 8a, the mean PDF functions conﬁrm the good
agreement between the POLDIRAD measurements and the
model while differences persist especially with the X-band
radar above the 40 to 50 dBZ range of reﬂectivity.
Two different interpretations for these differences be-
tween POLDIRAD and the X-band radar for the radar
Fig. 10. Rain ﬂux (mm/h) for the locations A, B, C, D and E of Fig. 9. Point D
represents the location of the rain gauge at Le Hohwald.
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that the X-band radar might present an unbalanced ampliﬁer
response in the receiver chain. That possibility is still under
investigation. The second one is that the difference is real and
is a consequence of the differences in the probing location
and in the probing volume between both radars. This second
possibility is supported by the fact that the isolatedmaximum
in the X-band radar PDF only occurred for this convective
event on the 12 August, and during the following day when
convection formed east of the X-band location, i.e. in the
Rhine valley, both radars show the same behaviour for the
entire range of radar reﬂectivities. We can thus speculate that
the convection which was triggered over the highly complex
terrain experienced fast variations in its microphysical evolu-
tion what caused the strong changes in the observations of
both radars. Also one should keep in mind that the probing
volume of the X-band radar was located at about 1 km
altitude while POLDIRAD observed at 1.35 km.
In general, however, we can conclude that the modelled
convective system on the afternoon of the 12 August 2007
reproduces satisfactorily the observed radar reﬂectivities.
The modelled surface rain accumulation for the entire
period from 13 h to 14:30 is given in Fig. 9. We can detect
several individual cells of intense precipitation. Their evolu-
tion is presented in Fig. 10. Unfortunately, only one rain gauge
station at Le Hohwald (see also Fig. 2) is available in the
discussed region. Its location is indicated in Fig. 9 by D. From
13 h to 14 h this rain gaugemeasured 5.2 mmof rain, which is
in good agreement with the model result of 5.1 mm at the
same location. From the rain evolution of the individual cells
of Fig. 10, we can see that the convective event led to short
but intensive rain showers over this region. A comparison
with the individual radar measurements (Hagen et al., 2008
not presented here) also conﬁrms that most of the precipi-
tating cells developed in the beginning of this observational
period as depicted by the rain showers in Fig. 10 occurring
between 13:00 and 13:15 at different places. The onset and
the location of the delayed shower displayed for point EFig. 9. Rain accumulation for the reference case after 1.5 h of precipitation
Point D represents the location of the rain gauge at Le Hohwald and the black
cross represents the position of the X-band radar..(Fig. 10) 10 km west of the X-band radar position were also
conﬁrmed by the X-band radar observation which detected a
less intensive cell of 40 dBZ at 14:10 for this location 600 m
above the ground. Afterwards the X-band reﬂectivities
decreased to values lower than 25 dBZ.
As in general the features of the observed convective
system were well reproduced by the model, we feel
encouraged to do the planned sensitivity studies using this
situation.
4. Sensitivity studies on the inﬂuence of aerosol particle
properties on cloud system evolution
In order to study the importance of aerosol particle
concentration for cloud evolution and precipitation forma-
tion, several sensitivity studies were performed varying the
number of aerosol particles as well as their solubility. In
contrast to the simulation presented in the previous section,
model simulation for the numerous sensitivity studies
following in Sections 4 and 5 restrict to the outmost model
domain with a horizontal grid spacing of 1 km. In general we
noted that in all sensitivity studies the development of the
spatial and temporal macroscopic cloud ﬁeld stayed quite
similar. This can be attributed to the relatively strong initial
forcing which constrained the evolution, in order to keep the
patterns comparable and allow focusing on the microphysical
scale.
4.1. Variation of the initial aerosol particle distribution
The inﬂuence of the aerosol particle concentration has
been studied by changing the number distribution of the
aerosol particles for polluted and clean environments, res-
pectively. The different aerosol particle spectra used are
presented in Fig. 5 where the solid line corresponds to the
reference case (Jaenicke, 1988), the dashed line corresponds
to the polluted case (3 times the reference case) and the dot
dashed line corresponds to the clean case (Raes et al., 2000).
Table 1 summarizes the used coefﬁcients for the log normal
aerosol spectra. The total number of aerosol particles close to
the ground is 1411 cm−3 in the reference case, 4233 cm−3 in
the polluted case and 408 cm−3 in the clean case. The aerosol
particles number concentration decreases exponentially up to
Table 1
Properties of the lognormal distributions used in the clean, reference and polluted cases. The different modes i of the lognormal distributions are determined by
the aerosol number concentration Ni, (cm−3) the geometric mean radius Ri (μm) and the geometric standard deviation σi.
Cases Mode 1 Mode 2 Mode 3
Reference N1 997 N2 842 N3 0.00071
R1 0.001 R2 0.0218 R3 6.24
σ1 2.1 σ2 3.2 σ3 1.9
Clean N1 250 N2 157 N3 1.1
R1 0.018 R2 0.072 R3 0.4
σ1 1.4 σ2 1.5 σ3 1.4
Polluted N1 2991 N2 2516 N3 0.00213
R1 0.001 R2 0.0218 R3 6.24
σ1 2.1 σ2 3.2 σ3 1.9
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position of the particles is the same as in the reference case.
Table 2 shows the results of model simulations for the
different aerosol particle concentrations 30 min after precip-
itation onset. The spatial averages andmaxima (Table 2) were
calculated for the area presented in Fig. 9. The data for the
cumulative rain amount were taken at the surface while data
for the relative humidity and rain drop number were taken at
2 km altitude level. For the average values, we only con-
sidered in-cloud conditions with grid points whose relative
humidity is higher or equal 100%.
The results obtained for the reference, polluted and clean
cases show that the number of drops, the rain amount and the
relative humidity are quite sensitive to the number of aerosol
particles. The number of drops proportionally increases with
the aerosol particle concentration. The correlation of the rain
amount and the relative humidity is inverse. Fig. 11 which
represents the droplet mass spectra for all 3 cases after
30 min of precipitation in 2400 m above point C, shows that
the CCN concentration not only affects the concentration of
the drops but also their size. The more aerosol particles are in
the atmosphere the smaller the developing drops as the total
quantity of condensable vapour has to be distributed over
more cloud nuclei (Flossmann et al., 1985). Also the
coalescence process is less efﬁcient and droplets take a longer
time to grow to precipitating sizes. Consequently, the surface
precipitation and in-cloud supersaturation decrease in com-
parison to the reference simulation (see Table 2 for details).
The opposite is found for the clean case. As a result of
higher in-cloud supersaturation, cloud droplets grow quicker
to rain drop size which leads to more rain at the surface.
The Fig. 12a and b conﬁrm this behaviour for the different
cases. They represent the difference of cumulative rainTable 2
Rain amount R, number of rain drops N and relative humidity RH, represented by the
cases (all 100% soluble) 30 min after precipitation starts for a 48×48 km² area in the
rain amount and at z=2 km for the others parameters. For the average of the relativ
considered, this corresponds to the “in-cloud supersaturation”. The last two lines pre
and 5%.
Cases R ̅ Rmax Ndro

(mm) (mm) (cm−
Reference 0.96 6.15 24.9
Clean 1.02 6.57 18.0
Polluted 0.81 4.06 59.6
Ref., 50% soluble 0.97 6.20 22.2
Ref., 5% soluble 1.00 6.34 17.5amount at the ground between the reference case and the
polluted (a) and clean (b) cases, respectively. Note that the
blue colour in Fig. 12a indicates higher rain accumulation for
the reference case, while the red colour in Fig. 12b indicates
higher values for the clean case. These differences were
calculated when precipitation terminated after a total time of
1.5 h. The local modiﬁcations of the rain amount are also
accompanied by a time delay during the development of the
individual rain cells. In the ﬁrst 45 min a delay of 3 to 5 min
occured for the rain onset in the polluted case and it increased
up to 10 min until the end of the precipitation phase.
The changes in aerosol number concentration cause in
certain locations a modiﬁcation in total rain ranging from
−3 mm up to +5 mm (Fig. 12a and b). Thus, changes in
aerosol number can locally have both effects: rain increase
and rain decrease. Analysing the mean andmaximum charac-
teristics for the 3 scenarios makes the effect of the aerosol
number concentration on the precipitation more visible.
Table 3 shows absolute maxima of rain of 7.42 mm for the
reference case, 6.39 mm for the polluted case and 8.02 mm
for the clean case (read columns with 100% solubility). The
mean rainfall accumulation reﬂects the same decreasing
behaviour with increasing aerosol number concentration.
From Table 3 we detect that the decrease in mean rain is
associated with a decrease of the surface area which
experienced rain fall from the convective system. This is
most pronounced for the polluted case where 30 km2 of
surface rain stayed dry. Varying the aerosol concentration, we
can note that the most striking fact about the total water
deposit (irrigation) is that it dropped by a factor 1.5 from
0.59 Mt in the continental (or reference) case to 0.40 Mt in
the polluted case (approx. 30%) whereas it increased to
0.69 Mt (approx. 20%) for the clean case.ir average values as well as their maxima for the reference, clean and polluted
north-east of the domain (x and y≥80 km), at the surface for the cumulative
e humidity, only grid points with a relative humidity higher or equal 100% are
sent the same results for the reference case by reducing the solubility to 50%
ps Ndrops,max RH

RHmax
3) (cm−3) (%) (%)
5 114.40 100.24 100.54
9 72.16 100.33 100.74
9 310.10 100.07 100.22
2 101.50 100.28 100.59
8 69.17 100.29 100.66
Fig. 11. Mass drop spectra for the reference (solid line), polluted (dashed
line) and clean (dot dashed line) cases at z=2400 m above the point C at
30 min after precipitation starts. The bit-mapped area corresponds to
precipitating sizes.
Fig. 12. Difference of rain accumulation between the reference and the
polluted case (a) and between the reference and the clean case (b) in mm,
1.5 h after precipitation starts. The black cross represents the position of the
X-band radar. Note the change on the colour scales.
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The inﬂuence of the physico-chemical properties of the
aerosol particles has been studied by reducing the solubility
of the aerosol particles from 100% to 50% and to 5%. For those
calculations, the initial aerosol particle spectrum remains
unchanged and is the same as for the reference (or con-
tinental) case (see Fig. 5). This reduction of the soluble part of
the particles corresponds to a shift of the entire spectrum to
smaller particle sizes.
Table 2 summarizes the results of model simulations for
the different particle solubility (50%, 5% in the reference
case), after 30 min of the precipitation. The spatial averages
and maxima were calculated again at the surface for the
cumulative rain amount while data for relative humidity (or
“in-cloud supersaturation”) and droplet number were taken
at 2.0 km altitude level. The results obtained for the different
cases show that themicrophysical parameters are sensitive to
the solubility of the aerosol particles, however to a much
lesser degree than to changes in the number concentrations
of the aerosol particle spectra. Similar conclusions on the
weaker sensitivities for aerosol solubility changes than for
aerosol number concentration changes can be found e.g. in
Reutter et al. (2009). Table 2 illustrates that the more in-
soluble the aerosol particles the more the rain amount and
the relative humidity increase. In fact, more insoluble aerosol
particle activate less and form fewer drops and produce an
effect similar to a decrease in particle number (compare with
the clean case in the Section 4.1). Nevertheless, the analysis of
the model results for different particle solubility shows that
the drop mass distributions vary only little for all 3 cases, as
illustrated in Fig. 13.
The difference of cumulative rain amounts at the ground
between the reference case and the case “50% soluble” (a) aswell as “5% soluble” (b) are represented in the Fig. 14. It
shows that reducing the aerosol solubility has a much smaller
inﬂuence on rain intensities (note the change in the scale
compared to Fig. 12). Globally, Fig. 14 depicts a weak increase
in rain due to the decrease in solubility (in red), but again,
also locations with reduced precipitation occur. Table 3
illustrates that the maxima of rain increase from 7.42 mm
for the reference case (aerosol solubility equal to 100%), to
7.52 mm for the 50% soluble case and 7.68 mm for the 5%
soluble case. It also shows that the mean rain accumulation
and irrigated area increase up to 10%.
Moreover, Table 3 includes results of simulations for the
clean and polluted aerosol cases when solubility is as well
reduced to 5%. A drop in aerosol solubility results again in an
increase for rain accumulation and irrigated area of 10% for
the clean case and 20% for the polluted case.
Table 3
Rainmaxima, mean rain and total rain area after 1.5 h of precipitation. The total rain area and also total precipitation (in Megatons) were calculated by counting all
surface points with rain accumulations N0.1 mm. The percentages give the solubility of the aerosol particles imposed constant for each case study.
Reference Reference Reference Clean Clean Polluted Polluted
100% 50% 5% 100% 5% 100% 5%
Rain max. (mm) 7.42 7.52 7.68 8.02 8.45 6.39 6.70
Mean rain (mm) 1.74 1.80 1.93 2.00 2.20 1.31 1.48
Rain area (km2) 337 335 339 344 347 307 335
Total rain (Mt) 0.59 0.60 0.65 0.69 0.76 0.40 0.50
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the “in-cloud microphysics”
In order to study also the inﬂuence of the aerosol particles
on cloud dynamics and thermodynamics we present in the
following a statistical analysis of vertical wind w and
supersaturation S which prevailed in the convective system
simulated by DESCAM-3D.
As already shown in the Tables 2 and 3, supersaturation is
quite sensitive to changes in the aerosol particle number
concentration. As the detailed cloud modelling with DES-
CAM-3D explicitly treats the diffusional growth of aerosol
particles and cloud droplets in combination with the three
dimensional ﬁeld of wind, temperature and water vapour the
model results can provide fundamental insights in the
behaviour of the supersaturation in the microphysics of
convective clouds. In order to do so, all model grid points
were analysed during the ﬁrst 30 min of cloud and rain
formation for a volume with a base of 15×15 km2 and a
vertical depth of 4.6 km which is illustrated by the square in
Fig. 15. Indeed, the cloud ﬁeld structure for the different
scenarios is quite similar in the ﬁrst 30 min of rain formation
(due to the same strong surface forcing). For this study only
cloudy air grid points with S≥0% and total LWCN0.1 g/m3Fig. 13. Mass drop spectra for the reference (solid line), the 50% soluble
(dashed line) and the 5% soluble (dot dashed line) cases at z=2400 m above
the point C (see Fig. 9), 30 min after precipitation starts. The bit-mapped area
corresponds to precipitating sizes.(i.e. rain and cloud water) were selected to calculate the
mean supersaturation as function of w. Fig. 16 shows the
results for supersaturation as a function of the vertical wind
speed for the different aerosol particle concentrations and
different solubilities already discussed in Section 4. For the
different initial aerosol distributions, each with solubilities of
100% or 5%, we see that the higher the concentration ofFig. 14. Difference of rain accumulation between the reference and the 50%
soluble case (a) and between the reference and the 5% soluble case (b) in
mm, 1.5 h after precipitation starts. The black cross represents the position of
the X-band radar.
Fig. 15. Vertical cross section through the simulated convective system. The black square represents the area used for the statistical studies. The cubic volume has a
base of 15×15 km² and a vertical extension of 4.6 km. The cloud contours for LWC≥0.1 g/m3 is represented by the white envelope.
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conﬁrms our ﬁndings of Tables 2 and 3. In the clean cases
where CCN are less numerous, supersaturations are the
largest for the entire regime of vertical winds analysed. We
can thus conﬁrm a strong effect of the aerosol particle
concentration on the cloud microphysics. The effect of the
aerosol solubility, hardly visible in Table 3 and Figs. 13 and 14
becomes more apparent in Fig. 16. Comparing e.g. the result
of the clean case “100% soluble”with that of the clean case but
“5% soluble”, we can notice that the mean supersaturation
values increase by more than 0.1% for less soluble particles.
This corresponds to a relative increase of the supersaturation
condition of 20% over the entire regime of vertical wind
analysed. Fig. 16 furthermore illustrates that this effect in
supersaturation due to solubility changes is also present for
the reference and the polluted case. For the polluted case,
however, we note that the increase in S due to the decrease in
solubility is less pronounced than for the other two cases.
Using an ensemble of 3.1 million samples which were
analysed during 30 min of cloud evolution we found that inFig. 16. Supersaturation as a function of the vertical wind speed for the
reference (grey thick line), polluted (dark thin line) and clean (dark thick
line) cases with the aerosol particle solubility equal to 100% (solid lines) and
5% (dashed lines).most cases a quite similar number of grid points satisﬁed
the imposed conditions that S≥0, total LWCN0.1 g/m3 and
w∈ [0.25, 7.75 m/s]. Table 4 summarizes these numbers
ranging between 128,000 to 142,000 grid points, which
represents about 4.5% of the entire 4D dataset. Table 4 shows
that the frequency of occurrence of cloudy and supersaturat-
ed air is highest for the lowest vertical speeds of 0.5 m/s. Grid
points with high vertical winds of 7.5 m/s are considerably
less frequent. We note from Table 4 that for a given wind
speed no signiﬁcant changes in the number of events oc-
curred between the individual case studies. We can, thus,
notice that the number of points meeting the imposed
conditions is not really affected by the initial aerosol particle
concentration and solubility.
We repeated the same statistical analysis for the latent heat
which was released/consumed by condensation/evaporation
based on the results of the microphysical scheme in DESCAM.
Again only grid points with S≥0, total LWCN0.1 g/m3 and
w∈[0.25, 7.75 m/s] were selected. Fig. 17 illustrates that for the
cases studied net condensation prevails (latent heatN0) for all
selected wind speeds. In addition, latent heat release increases
quite linearlywith theupdraft strength formost of thecases. But
the polluted case “100% soluble” differs from this behaviour: a
smaller increase of latent heat with increasing wind speed
occurred and the heat release remains strongly below the
amount found for the other cases. Combining the results of
Figs. 16 and 17 we conclude that due to the high number of
soluble aerosol particles in-cloud supersaturation drops notably
and consequently the release of latent heat due to condensation
was reduced resulting in a reduction of positive buoyancy.
In order to understand also the role of the aerosol particle
number and solubility on droplet formation in the simulated
convective cells the same statistical analysis was repeated for
the cloud droplet number concentration. The results are
illustrated in Fig. 18. We see from this analysis that (i) the
average drop concentration increases when the concentra-
tion of aerosol particles increases, (ii) less droplets are formed
when the aerosol is less soluble and (iii) only for vertical
winds larger than 5 m/s a clear increase of drop number
becomes visible. The mean drop concentration remains for
the majority of cases below or close to 80 cm−3 but increases
by a factor 2 for the polluted cases.
These results are in agreement with our actual knowledge
on droplet nucleation and droplet growth: a high concentra-
tion of CCN causes a higher droplet number concentration;
the more soluble the aerosol particles the easier they serve as
Table 4
Number of grid points located in cloudy air (LWCN0.1 g/m3). The ﬁrst 6 lines refer to Figs. 16–18, where only samples with wN0.25 m/s and S≥0% were counted.
For the last 2 lines which refer to Fig. 19 the wind condition was dropped and supersaturations were limited to S [−1.5, 1.5%].
Number of samples Reference Reference Clean Clean Polluted Polluted
100% 5% 100% 5% 100% 5%
Case study: S≥0, LWCN0.1 g/m3 and w∈ [0.25, 7.75 m/s]
All grid points 136,120 137,920 138,646 141,792 128,613 133,113
0.5 m/s 39,855 41,455 41,868 44,274 41,568 38,723
2.5 m/s 9807 10,248 10,124 9996 9645 9676
5.0 m/s 2427 2228 2217 2205 2750 2620
7.5 m/s 891 793 826 926 837 1037
Case study: LWCN0.1 g/m3 and S∈ [−1.5,1.5%]
All grid points 276,570 276,206 276,412 275,161 269,607 278,794
Sb0% 51,988 50,158 49,128 47,128 62,655 56,225
53C. Planche et al. / Atmospheric Research 98 (2010) 40–56CCN; increasing vertical winds causes an increase of cloud
supersaturation and thus more droplet activation.
The small variation of Ndrop(w) for a wide range of vertical
velocities in Fig. 18 remains nevertheless surprising, espe-
cially as at least S(w) depicted the expected tendency in
Fig. 16. Representing drop number as a function of supersat-
uration (not illustrated here) leads to similar results as in
Fig. 18, i.e., the droplet numbers change only very little with
supersaturation in the range from 0 to 1%.
In order to better understand the differing behaviour of
the polluted case “100% soluble” the condition S≥0 was
dropped in the analysis, thus including cloudy samples also in
subsaturated air with relative humidities down to 98.5%. The
“cloudy” condition i.e. total LWCN0.1 g/m3 was maintained
but the updraft condition wN0 m/s had also to be dropped.
The probability density distributions for supersaturation are
presented in Fig. 19. We see that in most cloudy air samples
supersaturation prevails between 0 and 0.1% for the polluted
case, between 0.2 and 0.3% for the continental case andFig. 17.Mean latent heat released in Joule per 1 s and per 1 kg of cloudy air as
a function of the vertical wind speed for the reference (grey thick line),
polluted (dark thin line) and clean (dark thick line) cases with the aerosol
particle solubility equal to 100% (solid lines) and 5% (dashed lines).between 0.3 and 0.4% for the clean case respectively. For the
cases with 5% solubility the behaviour is similar but the
maximum position for S increased by 0.1% for all cases
compared to 100% soluble. This illustration thus conﬁrms our
ﬁndings from Fig. 16 for supersaturated air. However, in
Fig. 19 we can also detect that a signiﬁcant number of sub-
saturated air is present in the analysed convective cloud. This
is most important for the polluted case “100% soluble”.
The total amount of samples found for each of the 6 cases
is also given in Table 4 in the line labelled Sb0%. We can see
from these values in Table 4 that the numbers among the six
different cases vary only very little. Thus, from Fig. 19 and
Table 4 (last line) results that the convective cloud system
obviously consists in the polluted case “100% soluble” to one
quarter of subsaturated air parcels. For the other cases
subsaturated cloud parcel are signiﬁcantly less frequent.
We can conclude that in the presence of a high number
concentration of soluble aerosol particles convective clouds
contain an important number of droplets. This high number of
droplets causes the cloud to prevail in a quite low level ofFig. 18. Mean drop concentration as a function of the vertical wind speed
for the reference (grey thick line), polluted (dark thin line) and clean (dark
thick line) cases with the aerosol particle solubility equal to 100% (solid
lines) and 5% (dashed lines).
Fig. 19. Probability density function for the occurrence of cloudy air (LWCN0.1 g/m3) as a function of supersaturation for the reference (grey thick line), polluted
(dark thin line) and clean (dark thick line) cases with the aerosol particle solubility equal to 100% (solid lines) and 5% (dashed lines). The right axis gives the
number of occurences for the reference case 100% soluble.
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more frequent than under less polluted aerosol conditions.
Furthermore the low level of saturation affects clouddynamics:
low supersaturations limit the condensational growth of
droplets, whereby less latent heat release occurs and the
cloudy air becomes less buoyant as already illustrated by Fig. 17.6. Conclusion
In this study for the ﬁrst time a highly resolved 3D cloud
model with detailedmicrophysics called DESCAM3D is used to
simulate a convective cloud systemofmediumaltitude of cloud
top. This cloud systemwas observed during the COPS campaign
that took place at the French/German border during summer
2007.Measurements of the radar reﬂectivity and rain gauge are
available. The cells were initiated over the Vosges Mountains
(France) and persisted there for about 1.5 h irrigating a ground
surface of about 340 km2. The simulated radar reﬂectivity ﬁelds
and cumulative rain amount show a reasonable agreement
with the high resolution X-band and POLDIRAD radar observa-
tions and with the rain gauge of Le Hohwald, even if the
statistical behaviour of the two radars are slightly different.
We investigated the role of the initial aerosol particle
concentration and solubility on the cloud evolution and
precipitation formation.
Focussing ﬁrst on the role of number concentrationwe can
conclude that an increasing aerosol particle number is the
principal parameter that inﬂuences precipitation formation.
Particle enhancement affects in the ﬁrst place the microphys-
ical features in the convective cloud by reducing super-
saturation, condensational growth, and thus the efﬁciency of
collision-coalescence. Ourmodel results demonstrate that the
overall rain decreases due to a decrease in rain intensity as
well as a reduction of the irrigated surface area. As the “in-
cloud” microphysics and, thus, the cloud evolution were
modiﬁed also the location of precipitation can change. Thus,
locally the enhancement of the number concentration of
aerosol particles can also cause an increase of rain. Averagingin space and time over the entire precipitation event, how-
ever, precipitation always decreased.
Decreasing the particle solubility causes an increase in
precipitation: less aerosol particles activate less droplets, a
higher supersaturation prevails and allows a stronger droplet
growth resulting in higher efﬁciency for collision-coalescence.
As the effect of less water-soluble aerosol counteracts an
increasing number concentration, a combination of both can be
positive or could cancel out, dependent on conditions.
Our analysis has demonstrated that particle number and
solubility inﬂuencenotonly themicrophysical processesbut also
the cloud thermodynamics and cloud dynamics. The key process
for the dynamics is the release of latent heat which decreases in
presence of an excessive number of droplets. Consequently, the
air becomes less buoyant leading to lower vertical velocities and
less frequent upward motions of air parcels.
The decline in latent heat is also a consequence of the
reduced supersaturation prevailing in a polluted cloud. When
aerosol particles are soluble, they take up signiﬁcant amounts
of water vapour already in an inactivated stage. As the
particles are very numerous in the polluted casewater vapour
mixing ratio is reduced and relative humidity in the
convective cells remains more often below 100%. As a further
consequence large parts of the cloud remain in a subsaturated
state with important numbers of wet haze particles unable to
contribute in an important manner to the formation of con-
vective precipitation.
Overall, the amount of total surface precipitation varied
only moderately for most scenarios investigated. Most
drastical differences occurred between the clean case with
near-insoluble aerosols and the polluted case with totally
soluble aerosols (Table 3). Both scenarios, however, have a
quite academic character as in clean marine atmospheres,
particles stem mostly from the sea surface, preferentially
soluble, while in polluted atmospheres also insoluble parti-
cles, e.g. from anthropogenic sources, can be found (Warneck,
2000; Andreae and Rosenfeld, 2008).
In conclusion, our ﬁndings on the inﬂuence of aerosol
particle number and solubility on precipitation and in-cloud
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rized as follows:
(1) Mean precipitation quantities notably decrease when
high numbers of aerosol particles prevail. Low particle
hygroscopicity can partly compensate this effect. For
low particle concentrations as encountered in marine
and remote environments the mean rain fall charac-
teristics differ about 20% whereas for high particle
concentrations this difference reaches up to 30%.
Strong reduction (probably unrealistic) in particle
solubility always causes a weak increase in the mean
rain quantities on the order of 10%.
(2) In-cloud properties are modiﬁed signiﬁcantly in all
scenarios. Key parameter is the supersaturation whose
magnitude inﬂuences both cloud microphysics (cloud
droplet and rain drop formation) as well as cloud
thermodynamics and cloud dynamics. Hereby, the
magnitude of supersaturation is most sensitive to the
prevailing number of aerosol particles.
In order to conﬁrm our theoretical ﬁndings on the role of
atmospheric pollution on precipitation modiﬁcations, further
experimental ﬁeld campaigns are needed that combine
measurements of the aerosol particle concentration and
composition in the lower atmosphere with dense rain
gauge networks and radar measurements for surface precip-
itation. Furthermore, more model development is needed, in
particular regarding the ice phase, in order to extend the
studies to cloud ﬁelds with colder cloud tops.
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Appendix A. List of symbols
∂t time step
ε mass fraction of water-soluble substance in mixed
aerosol particles
fAP number distribution function of aerosol particles
fd number distribution function of drops
fi number distribution function of ice crystals
gAP,d mass density distribution of aerosol particle inside
drops
gAP,i mass density distribution of aerosol particle inside
ice crystal
m mass of drop
mAP mass of aerosol inside drops
Mw molecular weight of water
Ms molecular weight of aerosol material
Ndrops number of drops
NIN number of ice crystals produced by nucleation
ν number of ions into which a salt molecule dis-
sociates in water
ρi density of ice
ρw density of water
ρN density of dry aerosol particle nucleusr radius of the wet aerosol particles
rN dry size of aerosol particles inside drops
ℜ universal gas constant
R rain accumulation
RH relative humidity
S supersaturation with respect to water
sv,i supersaturation with respect to ice
σw,a surface tension of water
T temperature
w vertical wind speed
Фs osmotic coefﬁcientReferences
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